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In this rapid and specific micro-scale electrochemical enzymic assay for cholesterol and cholesterol esters, 10 tL of standard or sample is injected directly into a heated (50 #{176}C) thermostated, oxystated cuvet containing pH 7.25 buffer, cholesterol oxidase (EC 1.1.3.6), and cholesterol esterase (EC 3.1.1.13). The cholesterol esters are hydrolyzed by the esterase, and the cholesterol is simultaneously oxidized by the oxidase. The hydrogen peroxide produced from oxidation of the unesterified cholesterol is measured by a polarographic anode covered with an acetate/polycarbonate membrane. The membrane allows hydrogen peroxide to diffuse to the platinum anode, where it is oxidized, but prevents the diffusion of ascorbic acid, uric acid, and bilirubin to the electroactive surface. Turbidity does not interfere. The correlation (i) between results by our method and the Abell-Kendall method for 105 samples of serum was 0.9994 and for 105 samples of plasma was 0.9997. Our method is convenient for the analysis of high-density lipoprotein cholesterol in plasma and serum supernates and in many kinds of tissue homogenates. Its limitations are also described. 
polarography
The selectivity, sensitivity, speed of reaction, and linearity of the membrane-covered peroxide-sensing anode (1) makes possible an elegant measurement of cholesterol by use of cholesterol oxidase (EC 1.1.3.6). The absence of significant amounts of interfering substances in blood and tissues (including, of course, hydrogen peroxide) simplifies measurement and increases the reliability and general utility of this method. Both cholesterol and cholesterol esters, as transported in the circulation, are substrates for the oxidase and hydrolase enzymes. When plasma is merely diluted with buffer/reagent, cholesterol determinations can be made without protein precipitation, extraction, or centrifugation. The overall reaction is greatly accelerated if the reaction mixture is heated, because the electrochemical and enzymic reactions as well as the diffusion processes are speeded.
Enzyme electrodes have been increasingly used in bioanalytical chemistry ever since they were first reported in 1962 (2). Our new cholesterol method is based upon our previous research and technical developments involving the use of oxygen oxidoreductases in combination with peroxide polarography (3) , and upon a long, successful experience with glucose oxidase in the Yellow Springs Instruments (YSI) glucose analyzer (4, 5) and immobilized and free enzymes in analyzers for sucrose, glycerol, galactose, and other substances. Some of our previous publications (6, 7) on electroenzymic Children cholesterol analyses have dealt with enzyme kinetics, substrate specificity, analysis of plant sterols, and instrumentation. Our aim here was to perfect a practical, easy-to-use, rapid, specific, economical, micro-scale method for cholesterol determination.
The present report outlines the type of instrumentation developed, the rationale for the reagents and conditions used, the advantages and limitations of the method we devised, and the correlation of our new method with the modified Abell-Kendall3 (colorimetric) procedure.
Materials and Methods

Materials
The materials used were obtained as follows: cholesterol Enzyme mixture for use in the cuvet. Dissolve 60 U of cholesterol oxidase, 40 U of cholesterol esterase, and 20 mg of soybean trypsin inhibitor in 1 mL of buffered cuvet reagent. This enzyme solution should be kept cold and stored no longer than one week. It can be more conveniently prepared by adding 1 mL of distilled water to a vial containing a premeasured, freeze-dried, buffer-salt mixture (available as YSI 2380). The freeze-dried mixture should be stored at 4 #{176}C.
Analytical Arrangement
Membranes. The membrane is a layer of a special, very thin cast film of cellulose acetate, cemented with bovine serum albumin to a special polycarbonate film (Nuclepore Corp., Pleasanton, CA 94566). It is available, affixed to an 0-ring, asYSI 2701 for use with a YSI peroxide electrode (Figure 2 ).
The casting of the acetate membrane has been previously described (8) .
Staging. A new membrane is positioned on the end of the electrode (Figure 2) , and the electrode is inserted into the cuvet. it is not necessary to add electrolyte to the electrode tip before installing a membrane because the membranes soon equilibrate with the conducting ions in the reagent/buffer. Electrochemical equilibration begins when the instrument's cuvet is filled with buffer. Usually 30-120 mm is required for the baseline reading to become constant, after a new membrane is installed.
Analysis for total cholesterol. After adjusting the readout to zero with only reagent/buffer in the cuvet, inject 25 L of enzyme mixture, followed rapidly by 10 1zL of a 2.00 g/L cholesterol standard. Set the meter to 200. A single rinse should return the baseline to zero; if not, rinse again. Inject 10 zL of an unknown after the enzyme mixture and read the cholesterol concentration directly from the meter. Samples and standards may be alternated for maximum accuracy, but for most purposes frequent calibration is not necessary. If the concentration in the unknown exceeds 5.00 g/L, the sample must be diluted appropriately and re-injected. The present apparatus rinses itself periodically (once every 45 mm), to maintain the electrochemical equilibrium in the cuvet system and to keep the membrane from drying out.
Membrane integrity. Check a newly installed electrode membrane for leaks or imperfections by injecting into the cuvet 10 L of a 10 g/L solution of potassium ferrocyanide. The ferrocyanide is oxidized by a bare platinum anode to ferricyanide, and a current flow results; if the membrane is intact, this ion is excluded from the surface of the platinum because of its molecular size, and no current flows.
It is convenient to have on hand a 300 mg/L solution of hydrogen peroxide for quick tests of the overall system. Ten microliters of 300 mg/L hydrogen peroxide will give a very sharp increase in current, which confirms that the system is sensitive to peroxide. When an imperfect membrane is identified by the ferrocyanide check, by too high a zero current, or by visual inspection, replace it. Cholesterol esters and cholesterol. By injecting only cholesterol oxidase the amount of free cholesterol is measured. If this is then followed by infusion of the esterase, the reading for the free cholesterol so released will be added to the original reading. Hence, free and esterified cholesterol can be assayed separately.
Blood Collection
Blood from 20 normal volunteers was collected aseptically into Vacutainer Tubes (Becton Dickinson and Co., Rutherford, NJ 07070). The remaining specimens were un-needed plasma and serum samples from a hospital. All samples were refrigerated until analyzed, which was within 24 h of collection. Two portions of each were analyzed by the Abell-Kendall method. YSI control samples were analyzed in duplicate on each of three separate instruments and the six data points were used for the statistical analysis. Altogether, we made 1680 determinations.
Fig. 2. Exploded diagram of the hydrogen peroxide sensor
The platinum anode, roughly 1 mm in diameter, is polarized at 700 my with respect to the silver reference cathode. Peroxide, which diffuses through the membrane, Is oxidized (reaction III)on the metals surface to generate a current.
The two membranes, cemented together with bovine serum albumin, are In turn bound to an 0.rlng. In the classical glucose electrode, the membranes are Cemented together with the oxidase. The 0-ring serves as a convenient means to mo.jit and store the membranes and, when affixed to the electrodes recessed tip, also serves as a tight seal between the top of the sensor and the wall of the cuvet 
Fig. 4. Effect of pH (x-axis) on reaction kinetics, as measured by electrode current (y-axis)
The Instrument was standardized by injecting 25 .iL of enzyme mixture and 10 iL of the 2.00 g/L cholesterol standard, with regular reagent/buffer. Next, a human serum sample (10 L) was analyzed. The electrode current resultingfrom the standard and the serum was recorded at 2.5 cm/mm. 
Results
Cuvet reagent/buffer temperature either higher or lower than 50 #{176}C decreases the speed of response (Figure 3) -the former by slowing diffusion and reaction rates, and the latter probably by partly inactivating either or both enzymes.
The effect of pH on reaction kinetics is greater on the colloidal standard used than on the serum (Figure 4 ). This indicates that there must be a pH-dependent relationship between the colloidal state of the substrate and the oxidase. The excellent response at pH 6.5 to the serum sample, which contains both free and esterified cholesterol, shows that the esterase is not impaired. At the highest pH (8.7) there are demonstrable effects on the serum sample, but the cholesterol standard behaves as it does at pH 7.25.
If there is not enough cholate, the reaction is very slow, as shown in Figure 5 and as reported by Papastathopoulos and Rechnitz (9). Optimum cholate concentration appears to be near 4 mmol/L. We found that higher concentrations (10 mmol/L) are inhibitory. The effect of cholate may include emulsification, enzyme activation, and, at higher concentrations, protein denaturation.
We have tested our new method for total cholesterol determination and compared results with those by the modified Abell-Kendall method. 3 The dispersion of our data ( Figure   6 ) is best represented by the standard error of estimate (the standard deviation of the regression line), which was 2.14. We have used the method to measure high-density lipoprotein (HDL) cholesterol in plasma and serum and will report on it in detail elsewhere.
Discussion
This method is based on polarography of the hydrogen peroxide released by the action on a substrate of a 3/3-hydroxy-sterol oxygen oxidoreductase.
Like our earlier method for glucose with an oxygen-insensitive membrane-covered platinum anode (4,5), both methods require the presence of oxygen for the enzymically catalyzed oxidation, but neither is based upon the measurement of oxygen. The present method incorporates all the advantages as to specificity, speed of response, and micro capabilities intrinsic to the original glucose electrode. Further, it embodies all the technical advances and efficiency gained in our long practical experience in measuring glucose by this technique. It has been perfected in our laboratories during the past several years and compared with the Abell-Kendall method (Centers for Disease Control).3 It differs from our previous oxidase electrodes both in enzyme placement and reaction kinetics. In the glucose method the oxidase enzyme is immobile, whereas in our cholesterol method both enzymes are free and in solution in the cuvet reaction mixture. Enzymes must be added for each determination.
However, the costs of the esterase and the oxidase have gradually decreased over the years, so that it now is practicable to discard the small amounts that are used for each cholesterol measurement.
The glucose method is "kinetic," depending upon an equilibrium condition for a steady state; basically, the peroxide generated is a function of the glucose diffusing through the outer membrane, which in turn depends on the glucose concentration in the sample. The current generated is glucose-diffusion limited and the stoichiometry depends upon this limitation. The peroxide that diffuses toward the anode is oxidized, with a resulting flow of current. The peroxide that diffuses away from the anode and into the cuvet solution is destroyed by the catalase (EC 1.11.1.6), which is added to the buffer reagent for this purpose. Glucose can therefore be measured in whole blood because the high catalase activity in erythrocytes is kept from the immobilized enzyme by the membrane.
In our cholesterol method, on the other hand, it is essential that the hydrogen peroxide produced by the oxidation of cholesterol be preserved for diffusion through the membrane and measurement by the platinum anode. Catalase is not added to the reagent/buffer, but must be avoided. In fact, sodium azide is added to inhibit any catalase activity in the sample; possibly, it also functions to preserve hydrogen peroxide in some other way. Fortunately, the azide does not interfere with the hydrolytic activity of the cholesterol esterases or with the oxidative activity of the oxidase. Although azide is oxidizable by the anode, the small amounts required do not significantly increase the reagent-blank baseline current. The hydrogen peroxide produced is quantitatively equivalent to the free cholesterol present. The method is not kinetic but endpoint, for all the cholesterol is oxidized in each determination.
This method cannot be used to measure cholesterol in whole blood, because the hydrogen peroxide is destroyed by erythrocytic catalase as fast as it is formed. We have not found a practicable means of immobilizing the cholesterol enzymes, as we have for glucose and galactose oxidase (8), although cholesterol oxidase reportedly has been immobilized successfully and used for cholesterol measurement (10, 11) .
This method exploits all currently known conditions for speeding hydrolysis of the sterol esters, oxidizing the 33-hydroxyl group, and stabilizing the peroxide. The membrane serves primarily in the case of the cholesterol electrode to keep undesirable substances such as urate, ascorbate, and bilirubin away from the platinum surface and to provide a controllable fixed diffusion/reaction layer at the electrode surface. The current path is through the peroxide diffusion layer, which probably extends into the membrane. Small ions, such as sodium, diffuse through both membranes, whereas larger ions such as ferrocyanide (used as a membrane leak test) do not.
Discussion of the electrochemical reaction kinetics is beyond the scope of this article. In many ways, the problems and their solution are similar to those solved with the Clark oxygen electrode; these electrode/membrane problems are reviewed in two excellent books (12, 13) . Cholesterol can be measured by using enzymes and oxygen tension measurements (14) .
Both the hydrolase and the oxidase can react directly with sterols as they exist in diluted serum or plasma. Cholesterol standards, especially cholesterol ester standards, remain something of a problem because they cannot be made to duplicate exactly the colloidal state of the sterols found in plasma. Deoxycholate remains (15) the best solubilizing bile salt for use in preparing cholesterol standards. Roeschlau et al. (16) report interesting studies of cholesterol esters.
We were motivated to the present work by the large number of researches showing the relationship between coronary disease and cholesterol and HDL cholesterol concentrations in blood (17) and suggestions that these sterols may also be involved in cancer. Early detection of sterol abnormalities in children is becoming increasingly important (18) , and we felt this added to the need for our new micro method. It is our hope, too, that the developments described here may be useful in basic physiological research on sterol metabolism. Lastly, we hope the small sample size, simplicity, and speed of operation will be valuable where only small samples are available such as in pediatrics and research dealing with small animals. 
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